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Abstract: This paper presents a particle swarm optimisation (PSO) based approach for solving optimal
reactive power dispatch in order to minimise transmission power losses of a system network with
distributed generation. The control variables of the system network are bus voltage magnitudes,
transformer tap settings and reactive power generation capability of the distributed generation unit.
The PSO algorithm is tested on a standard IEEE 14 bus system network and is validated using Newton
Raphson method. Results show that the PSO algorithm performs better than the Newton Raphson
method. The results also show that distributed generation unit sizing and placement has a great effect
on the transmission power losses of the system network.
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1. INTRODUCTION
The integration of renewable energy sources into the
conventional power system network have increased in
recent years. In South Africa, renewable energy sources
now contribute about 8% of the total electricity production
[1]. Renewable energy sources such as wind, solar
photovoltaic (PV) etc have the capability of discharging
or absorbing reactive power in the power system network.
The reactive power that is discharged or absorbed by
the renewable energy sources have an effect on the
overall transmission power loss and stability of the system
network [2]. A severe shortage of reactive power in
the system network can cause large amount of electricity
wastage on transmission or distribution lines through
transmission power losses and thus result in production of
extra carbon emission and power generation cost. In order
to minimise transmission power losses, power utilities can
either change the topology of the power system network
or replace the old transmission lines with low impedance
lines. These options requires large financial obligations by
the power utilities into the power system network. The
most efficient and economic way to reduce transmission
power losses in the system network remains reactive
power dispatch method. At a small scale, reactive power
dispatch can be implemented by installing reactive power
compensators at load point to improve the power factor at
each end user. However, for maximum financial reward,
power utilities have to take a holistic view and calculate
the optimal reactive power dispatch of the entire system
network.
Optimisation of reactive power dispatch is now a
mature research area which have been studied for many
completely different system network configuration [3].
Optimal reactive power dispatch (ORPD) involves best
sizing and placement of reactive power compensators
under different system network control settings like active
power of generation units and transformer tap settings [3].
ORPD optimisation problem is a non-linear optimisation
problem with a lot of uncertainties and have multiple local
minima solutions. Conventional methods such as Newton
Raphson and Gauss Siedel methods have been commonly
used to perform ORPD in power system networks [4].
These methods use the principle of linear programming
by expanding the non-linear functions and constraints
into Taylor’s series expansions. The advantage of such
simplification is that the computational time become very
short. However, because of non-linearity of the ORPD
problem, the linear programming method may be trapped
into one of the local minima and cannot achieve a global
optimal solution. In addition, the programming also
ignores the high order terms of the Taylor series and
thus the accuracy of the results can also be affected.
Recently, heuristic methods such as simulated annealing
(SA) [5], artificial neural networks, genetic algorithms
(GA) [6] and particle swarm optimisation [7] have gained
popularity in solving ORPD problems. These methods
have advantages of practicability, high efficiency and
robustness [3]. However, GA and SA have weakness
of prematurity and divergence problems. The PSO
method has an excellent searching capability and it is less
sensitivity to the complexity of the optimisation problem
function [7]. In this paper, PSO method is therefore used to
solve the ORPD problem of a case study system network.
A distributed generation unit is connected at different
buses in the system network and the ORPD optimisation
is performed to get the transmission power loss of the
entire power system network. In addition, different
scenarios where considered with distributed generation
units operating at different capacity levels and their effect
on transmission power loss is investigated. MATPOWER
6.1 an open source MATLAB toolbox focussing on solving
the power flow problems is used in the analyses [8]. The
benefit of MATPOWER is that its code can be easily used
and modified.
2. OPTIMAL REACTIVE POWER DISPATCH
PROBLEM FORMULATION
The objective function of the ORPD is to minimise the
transmission power loss in the power system network
without violating the power system network constraints.
The transmission power loss for the entire power system
network is equal to the sum of all the branch real power
loss in the system network. The general formulation for
the objective function can be expressed as Eq. 1 below.
f : ∑
k∈N
Ploss =
N
∑
k=1
gi j(V 2i +V
2
j −2ViVjcosθi j) (1)
where, N, is the maximum number of branches in the
power system network, gi j is the conductance of the branch
between bus i and bus j. Vi and Vj are the voltage
magnitude of bus i and bus j respectively. θi j is the
difference of phase angle between bus i and bus j.
Power system network constraints: The ORPD problem
has to satisfy both equality and inequality constraints of
the power system network depending upon assumptions
and practical implications. The equality constraints are
based on the principle of equilibrium for both real power
and reactive power. The real power, Pb and reactive power,
Qb, balance of the power system network can be expressed
by Eqs. 2 and 3 respectively.
Pb : Pgi−Pdi−Vi∑Vj(Gi jcosθi j+Bi jsinθi j) = 0 (2)
Qb : Qgi−Qdi−Vi∑Vj(Gi jsinθi j−Bi jcosθi j) = 0 (3)
where Pgi and Pdi are the real power generation and real
power demand at bus i respectively. Qgi and Qdi are the
reactive power generation and reactive power demand at
bus i respectively.
The inequality constraints for ORPD problem are the
limitations of power system network parameters such
as voltage magnitude, tap position of transformers,
reactive power injection capability etc. Some of these
parameters are continuous like voltage magnitude while
others are discrete like tap position of transformers and
reactive power injection capability. In this paper, voltage
magnitude, tap position of transformers and reactive power
capability are considered. The range of voltage magnitude
is set from 0.95 p.u to 1.10 p.u and transformer tap position
is set from 0.975 to 1.025. The reactive power injection
of reactive power compensators is set from 0 MVar to 20
MVar. The inequality constraints for voltage magnitude,
V limi , tap position of transformers, T
lim
i and reactive power
capability, Qlimi , are presented below.
Vlimi =
 Vmaxi Vi >VmaxiVi Vmini ≤Vi ≤Vmaxi
Vmini Vi <V
min
i

Tlimi =
 Tmaxi Ti > TmaxiTi Tmini ≤ Ti ≤ Tmaxi
Tmini Ti < T
min
i

QlimGi =
 Qmaxi Qi > QmaxiQi Qmini ≤ Qi ≤ Qmaxi
Qmini Qi < Q
min
i

In order to include the power system constraints in ORPD
objective function, discrete values of the constraints can
be viewed as continuous variables at the beginning of the
optimisation and then map it back to the discrete values
in the end. An exterior penalty function term, P(X ,rh,rg)
is added to the ORPD objective function to convert it into
an unconstrained problem for convenience. The general
expression for the ORPD objective function is given as:
Minimize : F : f +P(X ,rh,rg) (4)
xli ≤ xi ≤ xui , i= 1,2, ...,n
where P(rh,rg) is the exterior penalty function term. rh
and rg are the penalty multiplier for equality and inequality
constraints respectively and F is called the augmented
function. The final ORPD objective function is expressed
as:
Fmin = min[Ploss+∑rgi(Vi−V limi )2
+ ∑rTi(Ti−T limi )2
+ ∑rQi(Qi−Qlimi )2] (5)
subject to constraints 2 and 3.
From Eq. 5 it can be clearly seen that if all the control
variables are within their respective limits, the penalty
function terms would be zero. However, if the control
variables fall outside their respective limits the penalty
function terms would be added to the objective function
to penalize for violation. The ORPD optimisation problem
is applied to a case study and the following section outlines
the scenarios that were considered in the paper.
2.1 Case study
The topology of the IEEE 14 bus system network is
presented in Figure 1 below. It consists of two generators
and three synchronous condensers. There are also three
transformers and one shunt reactive power compensator
in the system network. The total system network load
demand is 259 MW and total system reactive power load is
73.5MVar. Tables 1 - 4 show the other details of the system
network. Two scenarios were considered in this paper and
they are outlined below.
Scenario 1: ORPD optimisation without distributed
generation: In this scenario, the IEEE 14 bus system
network is used. No DG is connected to the power system
network. Newton Raphson and PSO methods are applied
to the ORPD optimisation problem and a comparison of
system network transmission power loss results is done.
Figure 1: IEEE 14 bus system network
Scenario 2: ORPD optimisation with distributed genera-
tion connected: In this scenario, a distributed generation
unit is connected to the IEEE 14 bus system network and
then ORPD is performed using PSO. The system network
transmission power loss is calculated. A wind turbine,
Enercon E82 E4 is chosen as the distributed generation
unit. Enercon E82 E4 is a direct-drive synchronous
generator with a power rating of 2500 kW and Table 5
shows the wind turbine power curve [9]. Figure 2 shows
the reactive power capability of Enercon E82 E4. The wind
turbine is able to deliver as much as 1.2 MVar or absorb 1
MVar of reactive power when the output power is zero [10].
In this scenario, two cases were considered:
• Wind turbine installed at a PV bus: In this case,
both real and reactive power capacity of the generator
need to be changed in accordance to the wind turbine
rating.
• Wind turbine installed at a PQ bus: In this case,
modification of the capacity of real and reactive
power is done. The voltage magnitude of the new
distributed generation unit is also treated as a new
control variable.
Table 1: Bus system network load parameters
Bus
No.
Voltage p.u Phase Angle
Degrees
P (MW) Q (MVar)
1 1.060 0.0 0.0 0.0
2 1.045 - 4.98 21.7 12.7
3 1.010 - 12.72 94.2 19.0
4 1.019 - 10.33 47.8 3.9
5 1.020 - 8.78 7.6 1.6
6 1.070 - 14.22 11.2 7.5
7 1.062 - 13.37 0.0 0.0
8 1.090 - 13.36 0.0 0.0
9 1.056 - 14.94 29.5 16.6
10 1.051 - 15.10 9.0 5.8
11 1.057 - 14.79 3.5 1.8
12 1.055 - 18.07 6.1 1.6
13 1.050 - 15.16 13.5 5.8
14 1.036 - 16.04 14.9 5.0
Table 2: Bus system generator parameters
Bus
No.
Bus
type
P
(MW)
Q
(MVar)
Qmin
MVar
Qmax
MVar
1 Slack 232.4 16.9 0 )
2 PV 40 42.4 - 40.0 50.0
3 PV 0 23.4 0.0 40.0
6 PV 0 12.2 - 6.0 24.0
8 PV 0 17.4 - 6.0 24.0
Table 3: Transmission line parameters
Line
No.
Between
Buses
R per unit X per unit Half Line Charging
Susceptance per unit
1 1 - 2 0.01938 0.05917 0.02640
2 2 - 3 0.04699 0.19797 0.02190
3 2 - 4 0.05811 0.17632 0.01870
4 1 - 5 0.05403 0.22304 0.02460
5 2 - 5 0.05695 0.17388 0.01700
6 3 - 4 0.06701 0.17103 0.01730
7 4 - 5 0.01335 0.04211 0.0064
8 5 - 6 0.0 0.25202 0.0
9 4 - 7 0.0 0.20912 0.0
10 7 - 8 0.0 0.17615 0.0
11 4 - 9 0.0 0.55618 0.0
12 7 - 9 0.0 0.11001 0.0
13 9 - 10 0.03181 0.08450 0.0
14 6 - 11 0.09498 0.19890 0.0
15 6 - 12 0.12291 0.25581 0.0
16 6 - 13 0.06615 0.13027 0.0
17 9 - 14 0.12711 0.27038 0.0
18 10 - 11 0.8205 0.19207 0.0
19 12 - 13 0.22092 0.19988 0.0
20 13 - 14 0.17093 0.34802 0.0
Table 4: Transformer tap settings and Synchronous
generator parameters
Transformer Between
Buses
Tap Setting Bus
Number
Susceptance
Per Unit
1 4 - 7 0.978 9 0.190
2 4 - 9 0.969
3 5 - 6 0.932
Table 5: Wind turbine power curve [9]
Wind
Speed
Power (kW)
1 0.00
2 3.00
3 25.00
4 82.00
5 174.00
6 321.00
7 532.00
8 815.00
9 1180.00
10 1580.00
11 1890.00
12 2100.00
13 2250.00
14 2350.00
15 2350.00
16 2350.00
17 2350.00
18 2350.00
19 2350.00
20 2350.00
21 2350.00
22 2350.00
23 2350.00
24 2350.00
25 2350.00
Figure 2: Reactive power capability curve for Enercon E82 E4
wind turbine
3. IMPLEMENTATION OF PARTICLE SWARM
OPTIMISATION TO ORPD
The ORPD optimisation problem is solved using PSO
method. In this paper, the maximum number of iterations
is set as the stopping criterion. The following steps were
taken to implement the PSO algorithm.
Step 1: Load case file data using MATPOWER 6.1 version
into the MATLAB environment. The IEEE 14 bus system
data is saved in case14.m file. If the wind turbine is
connected at the PV bus, the real power and reactive power
of the generators are adjusted according to Eqs 6 and 7
below.
Pad ji = Pi+Pwi (6)
Qad ji = Qi+Qwi (7)
where Pad ji and Q
ad j
i are the adjusted real power and
reactive power at bus i. Pwi and Qwi are the real power and
reactive power of the wind turbine connected at bus i. If
the wind turbine is connected at a PQ bus then in addition
to adjusting the real power and reactive power of the bus
at which the wind turbine is connected, the voltage of the
wind turbine must also be taken as a control variable at
that bus. In each scenario a personalised case is created by
following the format of the canonical forms of generators,
buses and branches in the MATPOWER software. Each
scenario is solved separately using PSO method.
Step 2: Initialise random data for the position of the
population according to limits of each parameter to be
optimised. When the wind turbine is connected at a PV
bus, the parameters to be optimised are voltages at the
three PV bus, three transformer tap positions and reactive
power of the shunt reactive power compensator. If the
wind turbine is connected at a PQ bus, then the voltage
of the wind turbine must be included as a parameter
to be optimised. These initial random values must
be feasible candidate solutions that satisfy the practical
operating constraints. The inertia weights ωmin, ωmax;
acceleration constants c1, c2; uniform random values
rand1, rand2; maximum number of iterations itermax etc
are also initialised.
Step 3: Evaluate the fitness value, Fmin, of each particle,
Pi, j, based on the Newton-Raphson power flow analysis. j
is the position of the particle in the population space.
Step 4: Store the initial values as the personal best, Pbest of
each particle. Compare the fitness values of each personal
best, Pbest , to determine the global best, Gbest particle.
Step 5: Increase the iteration value by 1 and update
the positions and velocities of each particle by using the
following Eq.8
vnewi, j = ωi ∗ (vi, j)iter−1+(c1 ∗ rand1 ∗ ((Pbesti )iter−1
−(Pi)iter−1))+(c2 ∗ rand2 ∗ ((Gbest)iter−1
−(Pi)iter−1)) (8)
where ωi is given as:
ωi = ωmax− (ωmax−ωmin)itermax ∗ iter (9)
where itermax is the maximum number of iterations and
iter is the current number of iterations.
Step 6: Calculate the new sample positions of each particle
using the updated velocity, i.e.,
Pnewi, j = Pi, j+ v
new
i, j (10)
Step 7: Determine the new fitness values, Fmin, based on
the new positions of each particle.
Step 8: Compare the fitness value of each particle with that
of its previous Pbest . If the new fitness value if less than the
previous Pbest then replace the fitness value with the new
Pbest value otherwise retain the old Pbest value.
Step 9: Compare the fitness values from Step 8 to
determine the global best, Gbest particle and store the
coordinates as the global best particle, Gbest .
Step 10: Determine if the iteration has reached the
maximum iteration number. If so, stop the optimisation
process otherwise return to step 5
4. RESULTS AND DISCUSSION
Table 7 shows the optimal transmission power loss
obtained when using both Newton Raphson and PSO
methods for Scenario 1. The results clearly show that the
PSO method performs better than the Newton Raphson
method. The difference in power saving is 8.6% with
reference to Newton Raphson method. The results also
show that there is no violation of control variables as they
all fall within their constraints. The highest transmission
power loss is experienced between bus 1-2 and the lowest
transmission power loss is experienced between bus 12-13
(excluding buses with zero transmission power losses in
both cases) for both Newton Raphson and PSO methods.
Table 6: Transmission power loss for Scenario 1
Between
Buses
Newton Raphson
Method (MW)
PSO method
(MW)
1 - 2 4.298 3.920
1 - 5 2.763 2.556
2 - 3 2.323 2.121
2 - 4 1.677 1.532
2 - 5 0.904 0.822
3 - 4 0.373 0.340
4 - 5 0.514 0.465
4 - 7 0.0 0.0
4 - 9 0.0 0.0
5 - 6 0.0 0.0
6 - 11 0.055 0.040
6 - 12 0.072 0.066
6 - 13 0.212 0.190
7 - 8 0.0 0.0
7 - 9 0.0 0.0
9 - 10 0.013 0.016
9 - 14 0.116 0.124
10 - 11 0.013 0.007
12 - 13 0.006 0.005
13 - 14 0.054 0.040
TOTAL 13.393 12.244
Table 7: Voltage magnitude results for Scenario 1
Bus
No.
Newton Raphson Method PSO Method
Voltage p.u Angle Voltage p.u Angle
1 1.060 0.000 1.101 0.000
2 1.045 -4.98 1.087 -4.580
3 1.010 12.72 1.058 -11.720
4 1.019 -10.33 1.066 -9.528
5 1.020 -8.78 1.074 -8.200
6 1.070 -14.22 1.099 -13.476
7 1.062 -13.37 1.093 -12.443
8 1.090 -13.36 1.100 -12.443
9 1.056 -14.94 1.089 -13.983
10 1.051 -15.10 1.083 -14.164
11 1.057 -14.79 1.088 -13.945
12 1.055 -18.07 1.085 -14.271
13 1.050 -15.16 1.080 -14.338
14 1.036 -16.04 1.068 -15.079
When the wind turbine is connected at maximum capacity,
the transmission power loss has a maximum reduction of
11.1% and 2.7% for Netwon Raphson and PSO methods
respectively, when compared to Scenario 1.
Table 8 shows the effect of wind turbine capacity level
connected at various locations in the system network. It
is clear that the capacity level of the wind turbine and
its location in the system network have a great impact
on the overall transmission power loss. The results
show that higher wind turbine capacity level result in
less transmission power loss being experienced in the
system network. The optimal location for placement of
the wind turbine is at node 14 for all different wind turbine
capacity levels. The maximum transmission power loss is
experienced when the wind turbine is connected at bus 2.
This implies that the location and size of the wind turbine
in the system network is very important as it can influence
the efficiency supply of power to the load.
Table 9 shows the effect of connecting more than one
wind turbine at various locations in the system network.
The wind turbines are operated at various capacity levels.
The results show a great reduction in transmission power
loss when both wind turbines are operating at maximum
capacity level. The maximum difference in power saving
Table 8: Transmission power loss for different DG
capacity level connected at various system network bus
using PSO method
Bus No. DG capacity level connected (%)
100 75 50 25
2 12.125 12.147 12.183 12.223
3 11.957 12.006 12.097 12.175
4 12.002 12.048 12.119 12.185
5 12.039 12.076 12.136 12.196
6 12.041 12.079 12.145 12.194
7 12.004 12.049 12.120 12.185
8 12.009 12.052 12.123 12.188
9 12.001 12.046 12.117 12.182
10 11.986 12.033 12.106 12.172
11 12.010 12.049 12.120 12.182
12 12.000 12.043 12.114 12.180
13 11.954 12.015 12.077 12.150
14 11.913 11.972 12.058 12.135
Table 9: Transmission power loss when two DGs are
connected at various buses in the system network
Buses
Con-
nected
Respective DG capacity levels connected (% / %)
100/100100/75 100/50 100/25 75/75 75/50 75/25 50/50 50/25 25/25
2 & 3 11.834 11.893 11.982 12.059 11.912 11.998 12.081 12.036 12.119 12.152
2 & 6 11.923 11.960 12.024 12.075 11.984 12.044 12.107 12.083 12.140 12.169
2 & 8 11.892 11.937 12.007 12.071 11.958 12.030 12.093 12.062 12.131 12.162
3 & 6 11.751 11.789 11.851 11.906 11.843 11.906 11.967 11.996 12.030 12.131
3 & 8 11.716 11.769 11.834 11.899 11.823 11.888 11.954 11.974 12.044 12.123
6 & 8 11.810 11.852 11.925 11.985 11.892 11.964 12.032 12.024 12.090 12.143
is 11.82% with respect to Newton Raphson method for
Scenario 1. The least transmission power loss reduction
is experienced when the wind turbines are connected at
bus 2 and 6 in all the cases. This manifestation is
very important as distributed generation units connected
to the conventional power system network continue to
increase in number. They are not always operating at
the same capacity level as they are widely dispersed in
the system network and exposed to different geographical
conditions. It is therefore important for power system
managers and designers to take a holistic view and
calculate the transmission loss of the entire system network
for maximum financial reward.
5. CONCLUSION
The integration of renewable energy sources is expected
to increase as energy regulatory authorities try to reduce
the amount of greenhouse gases that are released into
the atmosphere by convectional thermal power generation
units. This paper investigates the optimal placement
of distributed generation in convectional power system
networks. A case study is presented using the IEEE
14 bus system network. A distributed generation unit
is connected at different points of the system network
and the transmission power loss of the system network
is calculated using particle swarm optimisation. The
results are validated using Newton-Raphson method. The
results show that particle swarm optimisation method
performs better than the Newton Raphson method as
it gives less optimal transmission power losses. The
results also show that as the distributed generation capacity
increases, the transmission power losses of the system
network decreases. Connecting distributed generation
units at different points of the system network also affect
the transmission power losses. It is therefore imperative
that distributed generation units that are connected to the
power system network are placed at locations that give the
least optimal transmission power loss of the entire system
network. This will therefore increase the power supply
efficiency of the system network. Future work will look
at developing a framework for the influence of distributed
generation in a smart grid.
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